Introduction
Wild wheat, Triticum dicoccoides, is the tetraploid progenitor of cultivated hexaploid bread wheat. It has been the focus of many genetic, ecological, physiological, and cytogenetic studies. The rich genetic diversity of wild emmer for multiple disease resistances, agronomic traits of economic significance, and environmental adaptations has been recently reviewed (Nevo 1983) . Populations of wild wheat are geographically structured and are predictable by ecological and allozyme markers. Of special relevance to the present paper are the studies scoring the allelic variation at -50 protein-encoding loci in 12 Israeli populations (Nevo et al. 1982) . From the distribution and frequencies of these defined alleles, it was concluded that natural selection was probably responsible for some of the differences between populations residing in localities with different climates and soil types. The present study explores the variation in ribosomal RNA gene structures and its relationship to the allozymic diversity in these populations.
The ribosomal RNA genes lie in tandem arrays at the nucleolus organizers (NOR) on chromosomes 1B and 6B of T. dicoccoides. In hexaploid wheat and in T. dicoccoides there is variation in the amount of DNA residing between the transcribed regions specifying the ribosomal RNAs. This variation often involves the number of 135bp repeats that are clustered in this intergenic region (Appels and Dvorak 1982) . A map of a typical rDNA repeat unit from chromosomes 1B or 6B from hexaploid wheat is shown in figure 1. The variable segment containing the 135-bp repeats is marked.
To understand the incidence and possible significance of the spacer-DNA variation in hexaploid wheat, it was considered useful to study the equivalent variation in the Israeli populations of T. dicoccoides that had already been studied genetically and ecologically.
The present paper shows that ( 1) natural populations of tetraploid T. dicoccoides in Israel display a wide spectrum of rDNA diversity (some populations are very homogeneous for the length of intergenic rDNA whereas others are intermediate or very heterogeneous in their intergenic rDNA), (2) the allozymic and rDNA diversities are highly and significantly intercorrelated, and (3) both allozymic and rDNA diversities are significantly correlated with climatic variables. The possibility that both allozyme and rDNA genie markers may be molded, at least partly, by natural selection is discussed.
Material and Methods

Plants
Individual plants of Triticum dicoccoides were collected at random from populations differing in major ecological properties. These collection sites and populations have been described in detail elsewhere (Nevo et al. 1982) . The seeds used were from a subsequent generation propagated by inbreeding individual plants and are described in table 1. Ten to 16 seeds of each population were washed overnight at 4 C and then grown in the dark for 3-4 days at 20 C. The number of DNAs analyzed ranged between 2 and 16.
DNA Extraction
Each dark-grown shoot was ground with a little sand in a mortar in -2 vol of 100 mM tris(hydroxymethyl)methyl amine (Tris)-HCl, pH 8.5, 100 mM NaCl, 50 mM ethylenediaminetetraacetate (EDTA), pH 8.0, 2% sodium dodecyl sulfate, 0.1 mg/ml proteinase K and incubated for 1 h with intermittent mixing. After extraction with an equal volume of chloroform/phenol saturated with 0.0 1 M Tris-HCl, pH 8.0, the mixture was centrifuged at 3,000 rpm for 10 min. The aqueous phase was mixed with 2 vol of ethanol, and the precipitated DNA removed with a spatula, transferred to an Ependorf tube, air dried, and redissolved in 0.35 ml of 10 mM Tris-HCl, 1 mM EDTA, pH 8.0. RNase A was added to 10 pg/ml, and the solution was incubated at 37 C for 1 h. After extraction with chloroform/phenol, the aqueous phase was separated by centrifugation and removed. The DNA was recovered by ethanol precipitation and dissolved in 10 mM Tris-HCl, 1 mM EDTA, pH 8.0.
Restriction-Endonuclease Digestion, Blotting, and Hybridization
Restriction-enzyme digestion was carried out as recommended by Bethesda Research Laboratories. One microgram of each DNA was digested with 5 units of enzyme for 16 h. The digested DNAs were fractionated by electrophoresis in 1% agarose and then transferred to a nitrocellulose filter according to the procedure of Southern ( 1975) . Each filter was baked at 80 C for 2 h and incubated for 3 h at 65 C in 0.6 M NaCl, 10 mM PIPES, pH 6.8, 1 mM EDTA, 0.1% sodium dodecyl sulfate, 10 pg/ml sonicated salmon sperm DNA, and 10 X modified Denhardt's solution ( 1 X modified Denhardt's solution = 2% gelatin, 2% ficoll400, 2% polyvinylpyrolidine 360). This solution was then replaced with fresh solution containing 32P-labeled rDNA and incubated at 65 C for 16 h. The rDNA was the recombinant plasmid pTa7 1 described in Gerlach and Bedbrook (1979) and was labeled by nick translation as described by Maniatis et al. (1975) . The filters were then washed in 2 X SSC (1 X SSC = 0.15 M NaCl, 0.015 sodium citrate), 1 X SSC, and 0.3 X SSC at 65 C and then were dried and autoradiographed.
In Situ Hybridization
In situ hybridization with biotin-labeled probe followed the methods of Albertson ( 1984) and Raybum and Gill ( 1985) . Plasmid pTa7 1 was biotin labeled by nick translation using a kit supplied by Bethesda Research Laboratories, ethanol precipitated with yeast tRNA as carrier, and washed twice with 70% ethanol. Chromosome preparations prepared as described in Gerlach and Bedbrook (1979) were treated with RNase (1 pg/ml pancreatic RNase, 1 unit/ml T1 RNase in 2 X SSC) at 37 C for 1 h and then denatured in 70% formamide in 2 X SSC at 70 C for 2.5 min. The slides were treated with proteinase K according to the method of Landegent et al. (1984) and then hybridized with 10 Fg/ml biotin-labeled pTa7 1 in 50% formamide and 10% dextran sulfate in 10 mM PIPES (pH 7.0), 1 mM EDTA, 0.3 M NaCl for 6 h at 37 C. After being washed according to the method of Raybum and Gill (1985) , the sites of hybridization were detected with a streptavidin-peroxidase complex (Amersham), followed by staining with diaminobenzidine/H202.
Results
DNA was isolated from 2-16 individuals from each of the 12 populations. Representative samples of DNA were digested with EcoRI, BarnHI, TaqI, DdeI, and Hinf I, fractionated by electrophoresis in agarose gels, transferred to nitrocellulose, and hybridized with 32P-labeled rDNA. This enabled the sites for these restriction enzymes in the rDNA of the various Triticum dicoccoides plants to be compared with those in the hexaploid T. aestivum rDNA ( fig. 1) . The 3.6-kb BamHI fragment shown in figure  1 was found in all plants, as was the 0.9-kb EcoRI-BamHI fragment. The EcoRIBamHI fragments covering the intergenic spacer differed in length within and between plants. This implies that there are rRNA gene-repeat units with different lengths in individual plants.
For many-but not all-plants, the variation in the EcoRI-BamHI fragments covering the spacer was found to reside between specific Taql and DdeI sites within 'P>O.l.
l P<O.l. ** P < 0.05. *** P < 0.01. **** P < 0.001.
of different fragments is significantly explained by the combination of the following three temperature variables: mean August temperature, number of tropical days, and seasonal temperature difference (R2 = 0.76, P < 0.01).
Discussion
The results in the present paper illustrate that there is considerable variation in tetraploid wheat in the DNA residing between rDNA transcription units. However, because each hybridization band in figures 2 and 3 represents fragments from perhaps > 1,000 genes, relatively few variants predominate within an individual. Comparisons of the restriction-fragment patterns between individuals of the same population show that rDNA fragments of a specific length often occur independently of fragments of other lengths (table 1) . This implies separate inheritance of different length fragments and that fragments of the same length are likely to be clustered together in the same NOR. The existence of a large number of repeat units of the same length is evidence for the concerted evolution of rRNA genes (Coen et al. 1982; Amheim 1983) . In evolution tandem arrays of rRNA genes can be homogenized for a particular length variant by either rounds of unequal crossing-over between complete repeat units or gene conversion (Smith 1976; Szostak and Wu 1980) . However, unequal crossingover between tandem arrays of 135bp intergenic repeats produces rRNA gene-repeat units of different lengths (Coen et al. 1982) . The extensive homogeneity of repeat lengths observed here suggests that the unequal crossovers between whole repeat units responsible for homogenizing rDNA occur more frequently than those between 135-bp intergenic repeats. This could be because the 13%bp repeats occupy only 20% of each rRNA gene-repeat unit ( fig. 1) .
Comparisons between individual plants also suggest, however ( fig. 3, table l) , that individual NORs may contain more than one length class of rDNA repeat unit, as noted previously (Appels and Dvorak 1982; Snape et al. 1984 ). This may ( 1) represent an intermediate stage in the spread of a new variant-length class through an rDNA locus by turnover processes such as unequal crossing-over, (2) have resulted from recombination between homologous NORs with arrays of different repeat-length classes, or (3) indicate maintenance of rDNA forms as balanced polymorphisms in populations.
The variation in TaqI fragment lengths in all the plants studied ranged from 2,500 to 3,900 bp, but the most common fragments were ~2,900-3,100 bp (table 2) . These results are similar to those reported for Triticum dicoccoides from Syria (Appels and Dvorak 1982) . This latter length class was that found in populations 2 and 12, which are the least variable. This class was still the most frequent in the species when all the individuals in populations 2 and 12 were removed from the collated results.
The single length of intergenic TaqI fragment found in population 12, in which all the individual plants contained the two usual NORs, strongly suggests that the rDNA repeat units in both 1B and 6B NORs in this population have the same number of intergenic repeats. This was surprising to us given the extensive heterogeneity in intergenic DNA length in T. dicoccoides and the heterogeneity for other restrictionendonuclease target sites within individuals of population 12. No other polyploid wheat line has been found to contain only a single size of TaqI intergenic fragment. It is possible that the rDNA repeat units at the 1B and 6B NORs of this population have the same numbers of intergenic repeats by chance because of population founder effects or because of homogenization processes operating to an unusually high extent between 1B and 6B NORs in the population. If founder effects are the explanation, the founders would have had similar-sized intergenic rDNA regions at the 1B and 6B NORs and would have maintained the size during the life of the population. This latter possibility is not supported by the heterogeneity among intergenic rDNA regions for certain restriction-endonuclease sites in individuals of population 12-although, because the mechanisms of homogenization operating between genes and loci are not known, the possibility of high rates of homogenization in some but not other segments of the rDNA remains. Alternatively, the surprising intergenic length homogeneity may be the result of selection for these particular variants at both loci.
Triticum dicoccoides in Israel displays a highly subdivided population structure (Nevo et al. 1982; Nevo 1983) , and there is presumably only low gene flow between the relatively semi-isolated and isolated populations. The populations appear to display an "archipelago" genetic structure in which peaks of locally common alleles characterize the semi-isolated and isolated populations. Of prime importance for an evolutionary theory of protein and DNA diversities, this genetic landscape is nonrandom between loci, populations, and habitats, displaying possibly adapted patterns, since the allozyme variation is predictable on the basis of climatic factors. In the present paper the allozymic and rDNA diversities are shown to be positively intercorrelated, and, most important, both polymorphic systems are significantly correlated with and predictable on the basis of climatic factors (table 3) . The extent of fragment-length polymorphism was found to be high in the steppic populations, 9 and 10 (table 1). These populations occur in a climatically highly fluctuating region situated between the Mediterranean and Samaria Desert climatic regimes. Could this polymorphism represent a regulatory adaptation to a climatically fluctuating environment characterized by interchanging dry-hot and wet-cool years?
If selection is responsible for the varying degrees of heterogeneity in these populations, it is necessary to consider whether selection acts on the rDNA loci or on alleles tightly linked to them. Few data are available on this point. In a study of 54 generations of a barley population created by a composite cross, Saghai-Maroof et al. ( 1984) showed that a class of ribosomal spacer DNA that was originally infrequent became predominant whereas the originally most frequent phenotype decreased drastically and all other variants disappeared from the population. They concluded that selection was operating on the particular rDNA loci that became predominant and/ or on associated loci. Again, it was not possible to decide unequivocally whether selection of rDNA variants alone was responsible, but the present study illustrates well that major changes in the frequency of specific rDNA loci can occur in populations over short time periods.
When considering the possibility that selection may operate on the intergenic spacer DNA of an rRNA gene, it is important to consider what function the spacer DNA could have. The spacer DNA measured in these experiments includes tandemly arrayed repeats, and some of the spacer-length variation is likely to arise from variation in the number of these repeats (Appels and Dvorak 1982) . These repeats adopt a distinct configuration that facilitates access to the protein DNAse I in the chromatin of active (but not in that of inactive) rDNA loci (W. F. Thompson, personal communication). It can be postulated, therefore, that these sequences are likely to play a special role in rDNA expression that involves protein binding. Equivalent repeats in the intergenic spacer DNA of Xenopus rRNA genes have been shown to play an important role in stimulating rDNA transcription, and variation in the number of spacer repeats determines the relative efficiency of transcription of the adjacent gene (Moss 1983; Reeder 1984; Reeder and Roan 1984) .
For wheat also there is some evidence that variation in the number of these sequences may be correlated with variation in activity of the NOR locus (R. B. Flavell et al., unpublished data). Thus it is possible that these sequences have a regulatory function and that the particular spacer-DNA length most common in the species and the only one found in population 12 is the optimum length and is therefore maintained by selection.
If selection operates on rDNA loci, how does this occur, given (1) the large number of genes in a locus and (2) the probable redundancy of many of the genes? It would seem likely that selective forces would not recognize an rDNA variant until it constituted a certain proportion of the genes at the locus (Dover and Flavell 1984) . The stochastic turnover mechanisms behind concerted evolution will either eliminate a new variant (the most frequent event) or increase its frequency at a locus and in some cases spread it to other loci. If the new variant increases in frequency by means of these mechanisms, it can become the predominant form at a locus (loci) and then presumably be tested by natural selection. If the locus is acceptable the variant can spread more extensively. If the locus reduces fitness the individuals carrying the locus would presumably decrease in frequency. The turnover mechanisms behind homogenization of rRNA genes are therefore the means of (1) propagating variants to the point where they can be tested in evolution and (2) maintaining loci homogeneous with adapted alleles.
Reassortment, by out crossing in a population, of loci carrying different numbers of rRNA genes leads to individuals with different numbers of rRNA genes. From results such as those in figure 3 , it can be concluded that individuals in populations such as 5, 9, and 10 differ in total rRNA gene number. Individuals in population 12, however, are likely to have the same rRNA gene number. The consequences, if any, of variation in total rRNA gene number are unknown. Tetraploid wheat plants are likely to have a large surplus of genes that exceeds the minimum number required to maintain a supply of ribosomal RNAs, as has been discussed with regard to hexaploid wheat (Flavell and Martini 1982) . However, in the model quoted above, which ad-vacates a role for spacer repeats in regulating rRNA transcription, genes that are not transcribed but are able to bind regulatory proteins would influence the number of proteins available to stimulate transcription of active genes. If this occurs-as it has in certain circumstances in experiments with Xenopus oocytes (Reeder and Roan 1984) -then total rRNA gene number might be a highly regulated parameter that would aid the regulation of a subset of rRNA genes by acting as a sink for regulatory proteins. If this aspect of the model or something akin to it is correct, then selection might operate on total gene number too. This therefore might be another reason for the absence of NOR heterogeneity in populations such as 12.
